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Using high-resolution angle-resolved photoemission spetrosopy we have studied the momentum
and photon energy dependene of the anomalous high-energy dispersion, termed waterfalls, be-
tween the Fermi level and 1 eV binding energy in several high-T

superondutors. We observe strong
hanges of the dispersion between dierent Brillouin zones and a strong dependene on the photon
energy around 75 eV, whih we assoiate with the resonant photoemission at the Cu 3p→ 3dx2−y2
edge. We onlude that the high-energy waterfall dispersion results from a strong suppression of
the photoemission intensity at the enter of the Brillouin zone due to matrix element eets and
is, therefore, not an intrinsi feature of the spetral funtion. This indiates that the new high
energy sale in the eletroni struture of uprates derived from the waterfall-like dispersion may
be inorret.
PACS numbers: 74.72.-h 74.72.Hs 74.72.Bk 74.25.Jb 79.60.-i
Introdution. It is widely believed that the study
of many-body eets in the eletroni struture of lay-
ered uprates is a possible lue to the mehanism of
high-temperature superondutivity in these materials
[1℄. However, even after years of intense studies there
is still no full understanding of the renormalization ef-
fets and of the relevant energy sales in their eletroni
exitation spetrum.
Appearane of the new generation of eletron spe-
trometers with the wide aeptane angle (± 15
◦
for Si-
enta R4000 ) has opened up the possibility of viewing the
eletroni struture of uprates over a broad momentum
range overing more than one Brillouin zone (BZ) [2℄ in
a single measurement. This has triggered a series of pub-
liations evidening anomalous high-energy dispersion in
the renormalized band struture of Bi2Sr2CaCu2O8+δ
[3, 4, 5, 6, 7, 8℄, Bi2Sr2CuO6+δ [6, 7, 8℄, La2−xSrxCuO4
[7, 8, 9℄, La2−xBaxCuO4 [3℄, Pr1−xLaCexCuO4 [6℄,
Ca2CuO2Cl2 [10℄, and Ba2Ca3Cu4O8(OδF1−δ)2 [8℄ at
the binding energies higher than ∼ 0.3  0.5 eVa re-
gion that has previously been sarely explored. All of
these reports seem to agree on the qualitative appearene
of the spetra: (i) in the (0, 0)  (π, π) (nodal) diretion
the high-energy kink  at ∼ 0.4 eV is followed by a nearly
vertial dispersion (waterfall ) that ends up below 1 eV
with a barely detetable band bottom approahing that
of the bare band; (ii) the band bifurates near the high-
energy kink, forming another branh with a bottom at
∼ 0.5 eV [4, 6, 8℄; (iii) as one moves away from the nodal
diretion, the vertial dispersion  persists surprisingly
up to the (π, 0) (antinodal) point, forming a diamond 
shape in momentum spae at ∼ 0.5 eV [3, 7, 9℄; (iv) no de-
pendene on the doping onentration, momentum, and
photon energy has been deteted so far.
Unfortunately there is still no onsensus on the physis
behind these phenomena. In priniple any strong ou-
pling to a bosoni mode would lead to the appearane
of the inoherent spetral weight below the energy of
the mode [11℄, whih an resemble the vertial disper-
sion, so distinguishing between dierent mehanisms is
impossible without aurate quantitative omparison be-
tween theory and experiment. Up to now, several qualita-
tive explanations have been proposed for the high-energy
anomaly, inluding a disintegration of the quasipartiles
into a spinon and holon branh [4℄, oherene-inoherene
rossover [6, 9℄, disorder-loalized band-tailing [12℄, po-
larons [8℄, familiar t-J model with [13℄ or without [14℄
string exitations, as well as the self-energy approah
with strong loal spin orrelations [5℄, itinerant spin u-
tuations [3, 8, 15℄, or quantum ritiality [16℄. The re-
ported diamond-like momentum distribution of the wa-
terfalls in Bi-2212 with its sides pinned at (±π/4,±π/4)
around the BZ enter ould be a sign of BZ folding due
to some form of antiferromagnetism [4, 6℄. However, suh
piture is violated in other uprates and does not appear
to be universal [3℄.
The existene (or non-existene) of a high energy sale
near 0.4 eV is of fundamental importane for the dressing
of the harge arriers in high-T

superondutors. This
dressing may be related to the strange normal state prop-
erties of these materials and possibly even to the meh-
anism of high-T

superondutivity. Furthermore, wa-
terfalls have been deteted for the rst time in the an-
gle resolved photoemission (ARPES) spetra of uprates,
but never in any other orrelated or unorrelated mate-
rial. Hene, the lariation of this phenomenon is also
of great importane for the ARPES method itself, whih
has now developed into one of the most powerful experi-
mental methods in solid state physis.
In this letter we report on the photon energy and mo-
Fig. 1 (olor online). (a)  (h) Typial snapshots of the one-partile exitation spetra of Bi-2212 (a  f) and Y-123 (g,h)
measured by angle-resolved photoemission with 100 eV photon energy. The spetra (a)  (d) are measured along the high-
symmetry diretions marked by the dashed lines on the Fermi surfae map (e). Spetra (a) and () from the 1st BZ exhibit
strong high-energy kinks (blak arrows) and waterfalls, while the equivalent spetrum (b) from the 2nd BZ exhibits no
pronouned high-energy sales. Additional spetral weight is learly seen in panel (d), where the urve at the left of the panel
shows the energy distribution urve at (pi, 0). (f) Constant-energy ut at 0.38 eV below the Fermi level in Bi-2212 showing
spetral weight depletion along the 1st BZ diagonals. (g), (h) The respetive onstant-energy maps of Y-123. The 1st BZ on
the onstant-energy maps is onned by the dotted squares. (i), (j) and (k), (l) Pairs of equivalent spetra of Tb- and Pb-doped
Bi-2212 taken in the 2nd BZ along the (pi, 0) and (pi, pi) diretions with two dierent exitation energies as indiated on top of
eah panel. In both diretions, the onset of the waterfalls behavior suddenly ours at about 75 eV photon energy. The olor
sale in all panels represents photoeletron intensity. The spetra are normalized to the bakground above the Fermi level.
The spetra in panels (k) and (l) are in addition multiplied by a linear funtion of momentum to enhane the right-hand part
of the spetrum, whih otherwise has muh lower intensity than the left-hand part due to the experimental geometry. (m)
Shemati representation of the experimentally aessible regions of momentum spae showing dierent behaviors of the high-
energy dispersion in dierent BZs immediately below 75 eV photon energy. Positive kx values orrespond to the experimental
geometry approahing normal inidene. (n) Energy distribution urves taken at the Γ point from spetra shown in panels (i)
and (k), showing a distint bottom of the renormalized band at about 0.5 eV.
mentum dependene of the waterfalls in high-T

super-
onduting uprates. We observe strong dierenes in the
shape of the single-partile exitation spetrum between
dierent BZs and its strong dependene on the exita-
tion energy. This indiates that photoemission matrix
elements strongly inuene the reorded spetral weight
and that the reported values for a high energy sale, as
well as the respetive physial models, may be inorret.
Experiment. In the urrent study we have used
high quality single rystals of slightly overdoped
(Bi, Pb)2Sr2CaCu2O8+δ (T = 71K), slightly under-
doped (Bi, Pb)2Sr2Ca1−xTbxCu2O8, optimally doped
Bi-2212, and nearly optimally doped untwinned
YBa2Cu3O6.85 (T = 92K). The samples were leaved
in situ in ultra-high vauum ∼ 1 · 10−10 mbar at
room temperature and measured within 24 hours af-
ter leavage at ∼ 20 K. ARPES experiments were per-
formed at the UE112-lowE PGMa beamline of the
2
Berliner Elektronenspeiherring-Gesellshaft für Syn-
hrotron Strahlung m.b.H. (BESSY) with sub-meV en-
ergy resolution of the inident light. The spetra were
aquired using a Sienta R4000 eletron analyzer with
30
◦
aeptane angle and 1 meV energy resolution. The
overall energy and angular resolutions (inluding thermal
broadening) were 10 meV and 0.2
◦
, respetively. In our
experimental geometry the analyzer slit is positioned at
45
◦
to the synhrotron beam perpendiular to the polar-
ization diretion of the inoming light.
Results. Here we present several ounter-examples
whih show that the waterfalls do not neessarily re-
veal a new energy sale. In Fig. 1 we show several
typial photoemission spetra of Bi-2212 along high-
symmetry diretions (panels (a)  (d)) and the onstant-
energy maps at the Fermi level (panels (e) and (g)) and
at 380 meV below it for Bi(Pb)-2212 and Y-123 (panels
(f) and (h)). As an be seen from omparison of panels
(a) and (b), presenting the spetra taken along equiva-
lent uts in momentum spae in the 1st and 2nd BZ, the
high-energy kinks and -shaped waterfalls appear in the
1st BZ, while in the 2nd BZ neither of these features is
observed. Sine both the eletroni band struture and
many body eets remain invariant under any transla-
tion by a reiproal lattie vetor, the dierene between
these two images an ome only from the photoemission
matrix elements whih, as a rule, strongly depend on mo-
mentum and exitation energy [17, 18, 19℄.
In panels (i)  (l) we show the energy dependene of the
spetra along the (π, 0) and (π, π) diretions in the 2nd
BZ taken with the photon energy lose to the binding
energy of the Cu 3p level (75.1 eV), where the photoion-
ization ross setion is modied by interhannel oupling
of the diret photoemission proess with an Auger de-
ay of the photoexited Cu 3p ore hole [20℄. Here we
also observe an abrupt transition from a -shaped to a
-shaped dispersion at 75 ± 1 eV photon energy. Panels
(i) and (k) show spetra below the transition that are to
be ompared with the equivalent spetra shown in panels
(j) and (l) above the transition energy. Using dierent
experimental geometries, i. e. dierent sample positions
relative to the analyzer, we an aess the 2nd BZ both at
kx > 0 (experimental geometry approahing normal ini-
dene) and kx < 0 (experimental geometry approahing
grazing inidene). It is remarkable that we do not see a
distint transition neither in the 1st, nor in the 2nd BZ
at kx < 0, as shown shematially in panel (m). At Γ
points marked by  , the -shaped dispersion persists at
all energies, while at the Γ point marked by  , a sharp
transition from the - to the -like behavior is observed
at 75 eV photon energy. In panel (n) we show energy
distribution urves at the Γ point extrated from spetra
(i) and (k), where a distint band bottom at about 0.5
eV is observed.
However, the matrix elements an not explain all of
the high-energy eets. As an be learly seen both in
Bi-2212 (panels (b), (d), (f), and (i)) and Y-123 (panel
(h)), additional inoherent spetral weight is aggregated
along the bonding diretions in the momentum spae,
i. e. (2πn, ky) and (kx, 2πn), n ∈ Z, persisting deeply
below the saddle-point of the ondutane band (panel
(d)) and forming a grid-like struture in the momentum
spae (panel (h)). At the enter of the 1st BZ this ino-
herent omponent is suppressed by matrix elements to-
gether with the oherent part of the spetrum, forming
the waterfalls (two long vertially dispersing tails seen
in panels (a) and ()) and high-energy kinks.
In addition, we should mention that in our studies we
have not deteted any signiant dependene of the high-
energy dispersion neither on doping nor on temperature.
Disussion. Both photon energy dependene near
75 eV and the dependene on the BZ may be related
to the resonant enhanement of the Cu photoionization
ross setion at this energy [24℄. In the Auger proess
whih resonates at hν = 75 eV with the normal pho-
toemission proess, near the threshold the ore hole is
produed by a Cu 3p→ 3dx2−y2 transition. Aording to
the dipole seletion rules [25℄ this transition is allowed for
~E vetors parallel to the surfae of the sample (or to the
Cu 3dx2−y2 orbital) and forbidden for
~E vetors perpen-
diular to the surfae. Thus we would expet an enhane-
ment of the Cu ionization ross setion above the reso-
nane for those momenta (sample positions), for whih
the omponent of
~E parallel to the surfae is signiant,
i. e., for kx > 0. This would mean that hanging the
photon energy from below to above the resonane, small
hanges in the spetral weight should be expeted for
kx < 0 and large hanges should be expeted for kx > 0,
whih is in good agreement with our experimental nd-
ings.
This suggests that in those BZs where we see for
hν < 75 eV a -shaped dispersion, we diretly probe the
spetral funtion of the renormalized band without signif-
iant distortion, while in the other BZs and at higher ex-
itation energies the -shaped waterfalls are produed
by a strong suppression of the spetral weight near the
Γ point due to matrix element eets [22℄. Aording
to suh interpretation, the peak seen near 0.5 eV in the
energy distribution urves extrated from the -shaped
spetra (Fig. 1(n)) would be the bottom of the renor-
malized ondution band. It is interesting to ompare
the observed band width with reent alulations of the
band renormalization due to a oupling to the harge
arrier plasmon [23℄. There the renormalization fator
Z = 0.5 has been derived, orresponding to the band-
width narrowing by a fator of two, whih is in reasonable
agreement with the observed bottom of the ondution
band at 0.5 eV.
Finally, we disuss the vertial feature lose to (π, 0)
whih extends from ∼ 0.1 to 1.0 eV. Along the ut (d)
in Fig. 1, it has almost onstant intensity below the sad-
3
dle point of the ondutane band, visible at a variety
of exitation energies. It is interesting that its distri-
bution in momentum spae is loalized along the bond-
ing diretions (Fig. 1(h)). In agreement with this, along
the (0, 0)  (2π, 0) ut (or equivalent) no feature is ob-
served at (π, 0) neither at low (hν = 50 eV) nor at high
(hν = 100 eV) photon energies (see e. g. Fig. 1(b)). But
surprisingly, in a similar ut taken with hν = 70 eV (see
Fig. 1(i)) we also see vertial features. They might stem
from the shadow bands, aused by the orthorhombi lat-
tie distortions of Bi-2212, whih are seen utting the line
a in Fig. 1(e) near the (π, 0) point at an angle of 90◦.
Evidently there is a strong enhanement of the shadow
bands near the photon energy hν = 70 eV, whih is natu-
ral, beause strong matrix element eets of the spetral
weight of these bands have been previously deteted [26℄.
Up to now there is no lear understanding of the soure
of the additional spetral weight along the bonding di-
retions, whih manifests itself as the vertial feature at
(π, 0) below the saddle point (Fig. 1(d) and (i)) and as
the waterfalls at the Γ point extending below the bot-
tom of the ondutane band in the energy range be-
tween 0.5 and 1.0 eV (Fig. 1(i) and (k)). Here we men-
tion only that suh an additional omponent is supported
by reent optial experiments [27℄. Evidently, this om-
ponent, either inoherent or extrinsi, represents a new
phenomenon whih deserves more systemati studies as
a funtion of photon energy and momentum. Possible
explanations an be related with the disorder-loalized
in-gap states [12℄. The inelasti sattering of photoele-
trons [28℄ an be another option. On the other hand, the
grid-like momentum distribution of this additional spe-
tral weight may hint at the presene of a one-dimensional
struture [29℄. If so, then the photoemission spetra
onsist of two omponents: one from the well studied
two-dimensional metalli phase and another from an un-
derdoped one-dimensional phase. Suh a senario would
be onsistent with the hekerboard struture observed
by sanning tunneling spetrosopy in lightly hole-doped
uprates [30℄.
Conlusions. In the present study we have demon-
strated that the reently observed waterfalls present in
the ARPES spetra of uprates are to a large extent a
result of the matrix element eets. This ould indiate
that the postulated new high-energy sale in uprates
near 0.4 eV is not inherent in the single-partile spe-
tral funtion of these materials. At least we emphasize
that due to matrix element eets this new energy sale
an be hugely distorted, ompliating orret determina-
tion of the real dispersion, whih is ruial for the high-
T

superondutivity problem, where understanding the
nature of oupling requires the knowledge of very ne
details of both the one-partile and two-partile spetra
[31℄. Still, we note that the present results do not doubt
the renormalization of the bare band at high energies
(ω > 100 meV) due to oupling of the harge arriers to
spin utuations, plasmons or other bosoni exitations
[31, 32℄.
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